The ADP-ribosylation factor 6 (ARF6) GTPase has a dual function in cells, regulating membrane traffic and organizing cortical actin. ARF6 activation is required for recycling of the endosomal membrane back to the plasma membrane (PM) and also for ruffling at the PM induced by Rac. Additionally, ARF6 at the PM induces the formation of actin-containing protrusions. To identify sequences in ARF6 that are necessary for these distinct functions, we examined the behavior of a chimeric protein of ARF1 and ARF6. The 1-6 chimera (with the amino half of ARF1 and the carboxyl half of ARF6) localized like ARF6 in HeLa cells and moved between the endosome and PM, but it did not form protrusions, an ARF6 effector function. Two residues in the amino-terminal half of ARF6, Q37 and S38, when substituted into the 1-6 chimera allowed protrusion formation, whereas removal of these residues from ARF6 resulted in an inability to form protrusions. Interestingly, expression of 1-6 in cells selectively inhibited protrusions induced by wild-type ARF6 but had no effect on ARF6-regulated membrane movement or Rac-induced ruffling. Thus, we have uncoupled two functions of ARF6, one involved in membrane trafficking, which is necessary for Rac ruffling, and another involved in protrusion formation.
The ADP-ribosylation factor (ARF) family of proteins is a subgroup of the Ras superfamily of small GTP-binding proteins. Originally identified and named for their ability to serve as cofactors in the cholera toxin-catalyzed ADP-ribosylation of the alpha subunit of Gs (25) , ARFs have been shown to function in various membrane trafficking events and in the maintenance of organelle structure (8, 33) . ARFs have been identified in numerous eukaryotic organisms, and ARF proteins are divided into three classes based on size, amino acid sequence (deduced from cDNA sequences), phylogenetic analysis, and gene structure (34, 44) . Class I contains mammalian ARF1, -2, and -3 and yeast yArf1 and -2, class II includes mammalian ARF4 and ARF5, and class III includes mammalian ARF6, yeast yArf3, and Drosophila ARF3. Like all GTPases, ARFs exist in either an active, GTP-bound form or an inactive, GDP-bound form. Conversion between these two forms is mediated by guanine nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs), which facilitate GTP exchange and hydrolysis, respectively. Although numerous ARF GEFs and GAPs have been identified in recent years, in many cases their specificity for a particular ARF and their cellular localization remain to be elucidated (34, 39) .
Mammalian ARF1 and ARF6 are the least similar in amino acid sequence and the best-characterized members of the ARF family. They have been found to be expressed in all tissues and cell types examined (6, 42, 44, 46) . Although both ARF1 and ARF6 have been shown to activate phospholipase D (PLD) in vitro (5, 9, 30) , the localizations and functions of these ARFs in vivo are distinct (6, 35, 42) . ARF1 is primarily localized to the Golgi complex, where it regulates the assembly of cytosolic coat proteins (COPI and AP adapters) and serves to regulate membrane traffic in the endoplasmic reticulum-Golgi system (29) . ARF6, by contrast, localizes to a novel, membrane recycling system at the cell periphery. ARF6 is associated with a tubular endosomal compartment in its inactive GDP-bound form and with the plasma membrane (PM) in its active, GTP-bound form, and it regulates the membrane movement between these two compartments through its GTPase cycle (12, 14, 35, 37) . ARF6 has also been implicated in the regulation of exocytosis of chromaffin granules (19) and recently in insulin stimulation of Glut 4 translocation (32) . In HeLa cells, the endosomal recycling pathway is involved in the internalization and recycling of PM-associated proteins that are not taken up into cells by clathrin-mediated mechanisms; among the proteins that traffic through this pathway are major histocompatibility complex class I antigens (37) and Rac1 (38) . In addition to this trafficking function, ARF6-GTP at the PM is associated with the formation of actin-containing protrusions (36) . Furthermore, ARF6 activation is required for various processes that involve actin rearrangements such as cell spreading (41) , Rac-mediated membrane ruffling (38) , and Fc-mediated phagocytosis (48) . Whether these actin rearrangements require the membrane trafficking function of ARF6 or the actin remodeling function of ARF6 is not clear.
We have been studying the function of ARF6 in whole cells by modulating its GTPase cycle through expression of mutant forms of ARF6 and also through the use of pharmacological reagents that induce mutant phenotypes in cells expressing wild-type ARF6. Expression of the dominant negative mutant of ARF6, T27N, in cells inhibits the ARF6-dependent movement of membrane from the endosomal compartment to the PM (37) and also inhibits cell spreading (42) and Rac-mediated ruffling (38) . This phenotype is mimicked by treatment of cells expressing wild-type ARF6 with inhibitors of actin polymerization, such as cytochalasin D (CD). As with ARF1 (15, 31) , treatment of cells overexpressing ARF6 with aluminum fluoride (AlF), a known activator of heterotrimeric G proteins, appears to maintain the protein in the active GTP-bound form. This results in the accumulation of ARF6-GTP at the PM, and the formation of actin-rich protrusions (36) . Although this is an overexpression phenotype observed acutely with AlF treatment, these protrusions resemble those formed in untransfected HeLa cells during cell spreading, a process that requires ARF6 function (42) . Studies with the ARF nucleotide binding site opener and the exchange factor for ARF6, candidate GEFs for ARF6, also report alterations of cortical actin after recruitment of these GEFs and ARF6 to the PM (16, 17) .
In this study we were interested in identifying sequences in ARF6 that determine its specificity and distinguish it from other ARF proteins. Previous studies of ARF1 have identified regions in the amino-terminal half of the protein required for coat protein binding (28) and PLD activation (23, 28, 33) . Interestingly, an amino acid residue (N52) in the switch I region, shown to be critical for activation of PLD (23) , is conserved in all ARF proteins. To begin to understand the mechanism whereby ARF6 carries out cellular roles that are distinct from those of other ARFs, we set out to map sequences in ARF6 that confer on the molecule the ability to couple to effector functions. Following an approach that has been used by investigators studying Rab and Rho functions (7, 11, 18) , we made chimeric ARFs by exchanging the amino-and carboxy-terminal halves of ARF1 and ARF6 and expressed them in HeLa cells. Here we report that the 1-6 chimera has sufficient information for targeting to ARF6 compartments and interacting with ARF6 GEFs, and yet it cannot form protrusions. Studies with this chimera have enabled us to identify residues in ARF6 near the ARF equivalent of the Ras effector loop that are required for protrusion formation but not for ARF6 regulation of membrane trafficking.
MATERIALS AND METHODS

Cells and reagents.
HeLa cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (FBS), 100 IU of penicillin/ml, and 100 mg of streptomycin/ml at 37°C with 5% CO 2 . Brefeldin A (BFA) was obtained from Epicentre Technologies (Madison, Wis.), stored at Ϫ20°C as a stock solution of 2 mg/ml in methanol, and used at a final concentration of 2 g/ml. Rhodamine-phalloidin was obtained from Molecular Probes, Inc. (Eugene, Oreg.) and Sigma Chemical Co. (St. Louis, Mo.). All other reagents were purchased from Sigma Chemical Co.
Antibodies. For immunofluorescence localization of untagged ARF6, the 1-6 chimera, and their mutants, we used rabbit polyclonal antisera raised against a C-terminal peptide of ARF6, as described previously (42) . ARF6 fused to the influenza hemagglutinin (HA) epitope at its C-terminal end was localized using a mouse antibody (12CA5) against the HA epitope, purchased from BAbCo (Berkeley, Calif.). For immunofluorescence localization of Rac1, we used a mouse antibody against the nine-amino-acid epitope tag (MEYMPMEHM), which was the gift of C. J. Der (University of North Carolina, Chapel Hill). The mouse anti-Tac antibody used was the 7G7 hybridoma (40) . Rhodamine-and fluorescein-labeled donkey anti-mouse and donkey anti-rabbit immunoglobulin G (IgG) were purchased from Jackson ImmunoResearch Laboratories (West Grove, Pa.).
DNA manipulations. The cDNAs of wild-type, chimera, and mutant genes were subcloned into the modified pCDL-SR␣ expression vector (pXS) (43) . In HeLa cells, this expression vector results in protein expression levels for ARF6 that are between 20-and 50-fold higher than endogenous protein expression (35) .
The 1-6 chimera and site-specific mutations of it and of ARF6 were created by a two-step PCR procedure (2) . For all PCRs, AmpliTaq DNA polymerase (Perkin-Elmer, Branchburg, N.J.) was used. PCR products and restriction fragments were purified by excising the appropriate bands from an agarose gel and recovering them with the QIAquick gel extraction kit (Qiagen, Santa Clarita, Calif.). Restriction enzymes and T4 DNA ligase were obtained from New England Biolabs (Beverly, Mass.).
The following oligonucleotides were used as primers (those in plain type are ARF1 sequences, those in boldface type are ARF6 sequences, underlined residues are mutation sites, and restriction sites are italicized): A1-5Ј, 5ЈAACAGA ATTCATGGGGAACATCTTCGC3Ј; A6-5Ј, 5ЈAACAGAATTCATGGGGAAG GTGCTATCC3Ј; A6-3Ј, 5ЈCCCAGATCTTCAAGATTTGTAGTTAGAGGTTAAC 3Ј; 1/6-A, 5ЈCTCCTGGCGAGCCTCATCCACACGCTCTCTGTCATTG3Ј; 1/6-B, 5ЈGCCGACCGCGACCGCATCAACGAGGCCCGTGAGGAG3Ј; A1QS-A, 5ЈGGGAATGGTGGTCACGCTTTGACCCAGCTTCAG3Ј; A1QS-B, 5ЈAAA CTGAAGCTGGGTCAAAGCGTGACCACCATTC3Ј; A6EI-A, 5ЈGGGAATG GTGGTCACGATCTCGCCCAGCTTCAA3Ј; and A6EI-B, 5ЈAAGTTGAAGCTG GGCGAGATCGTGACCACCATTCCC3Ј.
The 1-6 chimera was constructed by fusing the N-terminal 300 bp of ARF1 to the C-terminal 237 bp of ARF6. The N-terminal portion of ARF1 was amplified using primers A1-5Ј and 1/6-A, and the C-terminal portion of ARF6 was amplified using primers 1/6-B and A6-3Ј. The EcoRI-BglII fragment of the final PCR product was cloned into pXS.
The 1-6(T31N) chimera was constructed by fusing the N-terminal 300 bp of ARF1(T31N) to the C-terminal 237 bp of ARF6. The N-terminal portion of ARF1(T31N) was amplified using primers A1-5Ј and 1/6-A, and the C-terminal portion of ARF6 was amplified using primers 1/6-B and A6-3Ј. The EcoRI-BglII fragment of the final PCR product was cloned into pXS. ARF6(EI) was constructed by site-directed mutagenesis using primers A6-5Ј, A6EI-A, A6EI-B, and A6-3Ј. The EcoRI-BglII fragment of the final PCR product was cloned into pXS.
1-6(QS) was constructed by site-directed mutagenesis using primers A1-5Ј, A1QS-A, A1QS-B, and A6-3Ј. The EcoRI-BglII fragment of the final PCR product was cloned into pXS.
Sequences of all DNA constructs originating from PCR products were confirmed through the services of SeqWright (Houston, Tex.) or Veritas, Inc. (Rockville, Md.).
Transient transfection of cells. Cells grown on coverslips were transfected in six-well dishes using the calcium phosphate procedure as previously described (4) . A total of 5 g of DNA per well was used in single-transfection experiments, such that 2.5 g of the required plasmid was used plus 2.5 g of pXS vector. In cotransfection experiments, 2 g of either the ARF6-HA or Rac plasmid and 10 g of the coexpressed plasmid were used to obtain a 1:5 ratio. Drug treatments were performed in the presence of complete medium. AlF treatment of cells was performed by supplementing the culture medium with 30 mM NaF and 50 M AlCl 3 . CD was stored in dimethyl sulfoxide as a stock solution of 1 mM and used at a final concentration of 1 M.
Immunofluorescence. Thirty hours after transfection, the cells were treated as described above, fixed in 2% formaldehyde in phosphate-buffered saline (PBS) for 10 min, and rinsed with 10% FBS and 0.02% azide in PBS (PBS-serum). The cells were incubated with primary antibodies diluted in PBS-serum plus 0.2% saponin for 1 h, then washed (three times, 5 min each) with PBS-serum. The cells were then incubated in secondary antibodies diluted in PBS-serum plus 0.2% saponin for 1 h, washed with PBS-serum (three times, 5 min each) and once with PBS, and mounted on glass slides. A Zeiss Axioplan epifluorescence microscope and 63ϫ Plan-Apochromat lens were used for all fluorescence microscopy, and photomicrographs were prepared using TMAX 400 film (Eastman Kodak, Rochester, N.Y.).
Internalization and recycling of anti-Tac antibodies. Detection of anti-Tac antibody recycling was performed as described previously (37) . Cells grown on coverslips were cotransfected with Tac and either 1-6 or 1-6(T31N). Thirty hours later, cells were chilled to 4°C and incubated for 30 min in an ice-water bath with mouse anti-Tac antibodies in the absence of permeabilization to label surface Tac. Cells were rinsed with ice-cold Dulbecco's modified Eagle's medium supplemented with 10% FBS (complete medium) and prewarmed for 30 min at 37°C in the presence of CD to allow for antibody internalization. To remove anti-Tac antibodies remaining at the surface, cells were next rinsed quickly three times with a low-pH buffer (26) containing 0.5% acetic acid and 0.5 M NaCl (pH 3.0) and then three times with complete medium. Some coverslips were fixed to detect internalization, and the rest were first warmed for 30 min at 37°C to allow for antibody recycling to the surface and then fixed.
To detect antibody internalization, cells were processed for immunofluorescence as described above, using rabbit anti-ARF6 antiserum, fluorescently labeled donkey anti-rabbit IgG (to detect anti-ARF6 antibodies), and donkey anti-mouse IgG (to detect anti-Tac antibodies).
To detect Tac antibody recycled to the surface, cells were incubated with fluorescently labeled donkey anti-mouse IgG in the absence of saponin. To label ARF6, cells were incubated with anti-ARF6 antibodies and the appropriate secondary antibodies in the presence of saponin.
RESULTS
The 1-6 chimera localizes and traffics like wild-type ARF6 yet cannot form protrusions. We constructed a 1-6 chimera of ARF consisting of the amino half of ARF1 (residues 1 to 100) and the carboxyl half of ARF6 (residues 97 to 175). HeLa cells transiently transfected with a plasmid encoding either ARF6 or the 1-6 chimera were left untreated or were treated with either CD, BFA, or AlF and then fixed and processed for indirect immunofluorescence localization of ARF6 or the 1-6 chimera using a polyclonal antibody raised to the C-terminal end of ARF6 (42) . In untreated cells, the 1-6 chimera localized to the PM and associated with a tubular endosomal compartment, similar to the localization of ARF6 (Fig. 1A) . CD treatment shifted the distribution of the 1-6 chimera and ARF6 from the PM to the tubular endosomal compartment, and BFA treat-ment did not affect the distribution of either the chimera or ARF6 (Fig. 1A) . In cells expressing ARF6, AlF treatment resulted in the formation of protrusions at the PM (Fig. 1A) , a manifestation of the actin rearrangement effector function for ARF6 (38, 42) . In contrast, the 1-6 chimera did not form protrusive structures at the PM upon treatment with AlF (Fig.  1A) . The failure to make protrusions was not due to differences in expression levels, as all constructs were expressed in a vector using the same promoter and similar elevated levels of ARF expression were observed (Fig. 1B) . Furthermore, looking at individual cells under the microscope, we found that individual cells expressing very high levels of the 1-6 chimera still did not make protrusions. Thus, the carboxyl half of ARF6 contains sufficient information for localization both at the PM and on the endosomal compartment. Furthermore, the information for protrusion formation is in the amino-terminal half of ARF6, but this information is absent from the same region in ARF1. . Cell extracts were loaded onto sodium dodecyl sulfate-13% polyacrylamide gel electrophoresis, transferred to nitrocellulose, blotted with rabbit anti-ARF6 antiserum, and visualized by enhanced chemiluminescence as described previously (42) . For untransfected HeLa cells, 10 g of protein was loaded per lane, whereas for transfected HeLa lysates, 2 g of protein was loaded per lane.
One possible explanation for the inability of the 1-6 chimera to form protrusions is that it is unable to interact effectively with the GEF that activates ARF6. Although the ARF6-specific GEF is not known in HeLa cells, GTP-binding-defective mutants of GTPases can be generated that result in an inhibitory phenotype in cells by sequestering the GEFs (3). Such an ARF6 mutant, ARF6(T27N), when overexpressed in HeLa cells accumulates on the tubular endosomal compartment and inhibits recycling of membrane to the PM (37), Rac-induced membrane ruffling (38) , and cell spreading (42) . To test whether the 1-6 chimera can interact with the ARF6 GEF, we mutated the threonine at position 31 to an asparagine and asked whether the resulting mutant chimera, 1-6(T31N), can exert inhibitory effects similar to those generated by expression of ARF6(T27N). We first tested whether 1-6(T31N) could inhibit Rac-mediated ruffling. HeLa cells were either transfected with plasmids encoding epitope-tagged Rac1 alone or cotransfected with 1-6(T31N) or ARF6(T27N). Following treatment with AlF, cells were fixed and immunolabeled with monoclonal anti-EE antibodies to detect Rac1 and polyclonal anti-ARF6 antibodies to detect 1-6(T31N) or ARF6(T27N). Cells expressing Rac1 alone exhibited extensive PM ruffles along the edges of the cells (Fig. 2A) , as previously observed (38) . Coexpression of 1-6(T31N) with Rac1 inhibited ruffling similarly to coexpression of ARF6(T27N) with Rac1 ( Fig. 2A) (38) . The inhibition of ruffling was quantitated by scoring the fraction of ruffling cells in the total transfected pool for each treatment (see the legend to Fig. 3 ). Both ARF6(T27N) and 1-6(T31N) were effective at inhibiting Rac ruffling to approximately 8 and 12%, respectively, of that of cells expressing Rac1 alone (Fig.  3A) . Similar to ARF6(T27N), the 1-6(T31N) chimera was localized to the endosomal compartment and was also observed to inhibit recycling of membrane to the PM (see Fig. 6 ) and cell spreading (data not shown).
An additional test for the effectiveness of a GTP-bindingdefective mutant is to assess whether the mutant is able to inhibit directly a function of the wild-type protein. We therefore analyzed the ability of 1-6(T31N) and ARF6(T27N) to inhibit protrusions formed by cells overexpressing wild-type ARF6. HeLa cells were either transfected with plasmids encoding influenza HA epitope-tagged ARF6 (ARF6-HA) alone or cotransfected with the 1-6(T31N) or ARF6(T27N) mutant. Following AlF treatment, cells were fixed and immunolabeled with both monoclonal anti-HA antibodies to detect overexpressed, wild-type ARF6 and with polyclonal anti-ARF6 antibodies to additionally detect 1-6(T31N) or ARF6(T27N). Cells expressing ARF6-HA alone formed protrusions upon addition of AlF, whereas coexpression with either 1-6(T31N) or ARF6 (T27N) inhibited protrusion formation (Fig. 2B) . The inhibition of ARF6-induced protrusions was quantitated by scoring the fraction of protruding cells in the total transfected pool (see the legend to Fig. 3 ). ARF6(T27N) and 1-6(T31N) inhibited protrusions to approximately 27 and 40%, respectively, of that of cells expressing ARF6-HA alone (Fig. 3B) .
The experiments described above demonstrate that the 1-6 (T31N) chimera displays all the inhibitory effects of ARF6 (T27N) and behaves like an effective dominant negative ARF6 mutant. By contrast, expression of the dominant negative ARF1 mutant, T31N, which disassembles the Golgi complex and blocks secretion (10), had no appreciable effect on any of these ARF6 functions (data not shown). These observations suggest that 1-6, like ARF6, cycles between the endosome and the PM and is capable of effective interaction with the ARF6 GEF. Therefore, the inability of 1-6 to induce protrusions (an ARF6 effector function at the PM) is likely due to the absence of an ARF6 effector domain in the 1-6 chimera.
The effector domain in ARF6 includes residues Q37 and S38. The failure of the 1-6 chimera to form protrusions suggests that residues in the amino-terminal half of ARF6 are required for protrusion formation. Interestingly, we have observed that the Saccharomyces cerevisiae protein yArf3 localizes in HeLa cells in a manner similar to ARF6, but like the 1-6 chimera it does not form protrusions in response to AlF (O. Al-Awar et al., unpublished data) (Fig. 1 ). These observations suggest that both yArf3 and the 1-6 chimera lack information in their amino-terminal halves that is required for this ARF6 effector function. We therefore searched for a unique sequence in the amino-terminal half of ARF6 that is not present in either ARF1 or yArf3. Residues Q37 and S38 in ARF6 fit this criterion (Fig. 4, top) .
To assess whether residues Q37 and S38 are critical for the formation of protrusions, we replaced the equivalent amino acids in the 1-6 chimera, E41 and I42, with QS. The resulting mutant, 1-6(QS), was transiently transfected into HeLa cells. 1-6(QS) localized similarly to ARF6 and to 1-6 in cells. In untreated cells, 1-6(QS), like 1-6 and ARF6, was present at the PM and on the tubular juxtanuclear compartment (Fig. 4) . CD treatment shifted both 1-6 and 1-6(QS) to the tubular compartment, as observed in Fig. 1 (and data not shown) . In contrast to cells expressing 1-6, cells expressing 1-6(QS) did form protrusions enriched in F-actin upon the addition of AlF, similar to protrusions seen in cells expressing wild-type ARF6 (Fig.  4) . We next mutated residues Q37 and S38 in the full-length ARF6 to EI, their ARF1 equivalents. Cells expressing the resulting mutant, ARF6(EI), did not form protrusions upon AlF treatment (Fig. 4) , although ARF(EI) did at times accumulate at sites along the PM. The gain of function by 1-6(QS) and the loss of function by ARF6(EI) demonstrated that residues Q37 and S38 are critical for the ARF6 effector function of protrusion formation.
The 1-6 chimera antagonizes selected ARF6 functions. The observation that the 1-6 chimera localized like ARF6 in the cells yet could not form protrusions upon AlF addition led us to investigate whether the expression of this effector functionnegative chimera would interfere with the ability of wild-type ARF6 to induce protrusions. To test this possibility, we examined whether coexpression of 1-6 with ARF6-HA would inhibit protrusions formed in the presence of AlF. As shown in Fig. 5 , cells expressing ARF6-HA alone formed protrusions after addition of AlF, whereas cells coexpressing 1-6 with ARF6-HA did not. Inhibition of protrusion formation was also observed in cell coexpressing ARF6(EI) and ARF6-HA (data not shown). As expected, cells coexpressing ARF6-HA and 1-6(QS) formed protrusions. We quantitated the inhibitory effect of 1-6, and remarkably, the extent of inhibition observed with 1-6 was comparable to that observed with the GTP-binding-defective mutants, 1-6(T31N) and ARF6(T27N) (Fig. 3B) . However, the mechanism by which the 1-6 chimera inhibits protrusion formation is distinct from that observed with these mutants (see below).
The ability of the 1-6 chimera to inhibit protrusion formation led us to ask whether it also inhibited two other ARF6 functions: membrane trafficking (37) and Rac-mediated ruffling (38) . To assess the effect of the 1-6 chimera on the recycling of endosomal membrane back to the PM, we followed the internalization and recycling of Tac, the interleukin-2 receptor ␣ subunit, a membrane marker for the ARF6 endosomal compartment (37) . We have previously demonstrated that expression of ARF6(T27N) blocks the ARF6-regulated recycling of Tac from the endosomal compartment back out to the PM (37); we predicted that 1-6(T31N) would act similarly. Cells coexpressing Tac and either 1-6 or 1-6(T31N) were treated as described in Materials and Methods. Cells expressing the 1-6 chimera internalized and accumulated anti-Tac antibodies into the ARF6-labeled endosomal compartment during the internalization period, similar to Tac internalization in cells ex- pressing 1-6(T31N) (Fig. 6, Uptake) . Tac was recycled back to the PM after removal of CD, as detected by surface reappearance of anti-Tac antibodies, in cells expressing 1-6 (Fig. 6 , Surface Reappearance) in a pattern and time course similar to that previously observed for cells expressing ARF6 (37) . By contrast, 1-6(T31N) expression inhibited the recycling step (Fig. 6 , Surface Reappearance). Thus, expression of the 1-6 chimera does not perturb the functioning of the ARF6-regulated membrane recycling pathway.
Since both the trafficking of Rac and the ability of Rac to form PM ruffles is dependent upon ARF6 in HeLa cells (38) , we next asked whether the 1-6 chimera would interfere with the ability of wild-type Rac to induce PM ruffles in response to AlF treatment. Cells were transfected with either Rac1 alone   FIG. 4 . ARF6 effector domain includes residues Q37 and S38. (Top) Amino acid sequence comparison between human ARF1 and ARF6 from amino acid 24 in ARF1 (20 in ARF6) to amino acid 56 in ARF1 (52 in ARF6). Asterisks indicate identity. Note the conservation in the switch I region encompassing residues 45 to 54. (Bottom) HeLa cells were transfected with plasmids encoding either the 1-6 chimera, 1-6(EI3QS), ARF6, or ARF6(QS3EI). Cells were then left untreated or incubated for 30 min with AlF. The expressed proteins were labeled with ARF6-specific antiserum followed by rhodamine-conjugated phalloidin to visualize F-actin. Bar, 15 m.
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or with the 1-6 chimera and Rac1. Following treatment with AlF, cells were fixed and immunolabeled to detect 1-6 and Rac1. PM ruffling was readily observed around the edges of cells expressing Rac1 either alone or with 1-6 (Fig. 7) . Similarly, coexpression of ARF6(EI) with Rac also did not inhibit ruffling (data not shown). We next quantitated the ruffling response in cells coexpressing Rac1 and 1-6 and found that the fraction of cells showing PM ruffling was nearly identical to that observed in cells expressing Rac1 alone (Fig. 3A) . Thus, expression of the 1-6 chimera selectively inhibits protrusion formation but does not interfere with the ARF6-regulated membrane-trafficking events, namely the recycling of membrane back to the PM. By contrast, 1-6(T31N) behaves like the ARF6 dominant negative mutant, ARF6(T27N), inhibiting all known ARF6 activities including both membrane trafficking and formation of actin-containing protrusions at the PM ( Fig.  3 and 8 ).
DISCUSSION
All of the human ARF family members are expressed, to various extents, in all cell types. Although the different ARFs share sequence similarity and common biochemical activities, in cells they likely have distinct functions. Their specificity in vivo may be mediated through targeting to distinct membrane compartments and through coupling to specific effectors. In this study, we analyzed the localization and activities of 1-6, a chimeric ARF molecule containing the amino-terminal half of ARF1 and carboxyl-terminal half of ARF6. 1-6 contained sufficient information from the carboxyl-terminal half to target it like ARF6 i.e., to the PM and endosomal compartment and not to the Golgi complex where ARF1 localizes. This molecule behaved similarly to ARF6 in its ability to cycle between the endosomal compartment and the PM, and it appeared to interact with an ARF6-specific GEF. Yet unlike ARF6, the 1-6 chimera could not induce protrusion formation upon AlF treatment, an ARF6 effector function at the PM. Thus, we concluded that the sequences in ARF6 that are necessary for induction of protrusion formation are present in the aminoterminal half of the protein, and that the amino-terminal half of ARF1 could not substitute for ARF6 in this regard.
The overall similarity between ARF1 and ARF6 in their amino-terminal halves led us to attempt to identify unique sequences in ARF6 necessary for this effector function. The identification of sequences critical for specific effector functions and the subsequent generation of various effector mutants has aided in the understanding of GTPases with multiple effector functions, in particular for Rho proteins (18, 24, 27, 45) . We searched for a sequence in ARF6 that is missing in the amino-terminal half of the 1-6 chimera which would be necessary for formation of protrusions. We found that two residues in ARF6, Q37 and S38, were critical for this ARF6 effector function. Substitution of residues QS for residues EI in the analogous position in the 1-6 chimera was sufficient to result in a gain of function, allowing the chimera to form protrusions in response to AlF. We have recently identified the target of AlF in our cells as the heterotrimeric G protein alpha subunit, G␣q. Coexpression of constitutively active Gq(Q209L) with ARF6 induces protrusions in the absence of AlF (H. Radhakrishna and J. G. Donaldson, unpublished data). We have observed that coexpression of Gq(Q209L) with 1-6, like AlF treatment of cells expressing 1-6 alone, also did not result in protrusion formation, whereas coexpression of Gq(Q209L) with 1-6(QS) did form protrusions (O. Awar, unpublished observations). Taken together, these data indicate that residues Q37 and S38 in ARF6 represent a site of interaction with effector molecules which is necessary for protrusion formation. A recent study suggests that ARF6 may influence cortical actin through activation of phosphatidylinositol 4-phosphate 5-kinase ␣ (22). It will be interesting to examine whether residues Q37 and S38 are required for this activity.
The crystal structures of both the GDP-and GTP-bound forms of ARF1 have been solved (1, 20, 21) . A comparison of these structures reveals that, like Ras, upon GTP binding ARF1 undergoes a conformational change that involves significant shifts in the positioning of the switch I and switch II regions. In ARF1, switch I encompasses residues 45 to 54 and switch II encompasses residues 70 to 80 (20) . Assuming similarity in structure, for ARF6 the switch I and switch II regions would encompass residues 41 to 50 and 66 to 76, respectively. It is noteworthy that there is high conservation in the amino acid sequence among all ARFs in the switch I and switch II regions (see Fig. 4 for residues in the switch I region in ARF1 and ARF6). Intriguingly, residues Q37 and S38, which result in a gain of function when substituted into the 1-6 chimera, are positioned a few residues prior to the predicted switch I region. Significantly, all the ARF proteins in class I and class II, in all organisms, contain residues EI at this site. Only mammalian ARF6 and its class III homologues in Drosophila (accession no. P40946), Caenorhabditis elegans (accession no. CAB55153), Schizosaccharomyces pombe (accession no. CAB51340), and Xenopus (accession no. P51645) contain residues QS at this site. The S. cerevisiae yArf3 protein (accession no. P40994), a class III member that localizes like ARF6 when expressed in mammalian cells, does not contain these residues and, consistent with the data in this paper, cannot induce protrusion formation (O. Al-Awar et al., unpublished data). These observations further suggest that residues QS are critical for ARF6-specific functions involved in actin reorganization at the PM, and that conserved ARF sequences in the switch I and switch II regions may be used for regulation of membrane trafficking, a function common to all ARFs. Future investigations will focus on testing whether antibodies or peptides specific to the QS region of ARF6 interfere with its functioning and on identifying target molecules that interact with ARF6 in this region.
Studies in a variety of systems have highlighted a dual function for ARF6 as a regulator of membrane traffic and as a modulator of actin dynamics at the PM (34) . Separating these two effector functions for ARF6 has proven difficult since the GTP-binding-defective mutant of ARF6, ARF6(T27N), inhibits both trafficking (12, 37) and cortical actin functions (13, 36) . The phenotype of the expressed 1-6 chimera appears to separate these two activities of ARF6, because the 1-6 chimera selectively inhibits protrusion formation while not affecting the membrane trafficking function of ARF6 (Fig. 8) . One explanation for these observations is that in cells, the 1-6 chimera is targeted correctly to the ARF6 compartment, interacts with the ARF6 GEFs and GAPs, and carries out the ARF6 trafficking functions via shared effector domains between ARF1 and ARF6 in their amino halves. However, the 1-6 chimera cannot induce protrusion formation, and it inhibits the ability of wild-type ARF6 to form protrusions due to the absence of residues QS near the switch I region. Similar observations have been made for Rac effector domain mutants. An effector domain mutant of Rac that activates p21-activated kinase but does not induce ruffling also functions as a dominant negative for Rac ruffling (41) .
The failure of the 1-6 chimera to affect Rac ruffling in HeLa cells partially resolves the issue of the role of ARF6 in Racmediated ruffling. We previously demonstrated that Rac colocalizes with ARF6 on the endosome and at the PM, that ARF6 regulates the trafficking of Rac to the PM, and that ARF6 activity was required for Rac-mediated PM ruffling (38) . At that time, we could not determine whether the ARF6 requirement for Rac ruffling was due to ARF6 regulation of trafficking or due to an ARF6-dependent effect on cortical actin at the PM, since we were inhibiting both functions with ARF6 (T27N). The lack of inhibition of Rac ruffling by the 1-6 chimera suggests that it may be the trafficking function of ARF6, and not the specific actin remodeling function, that is necessary for the formation of Rac ruffles. This trafficking function may extend beyond that of the trafficking of Rac itself to include trafficking or recruitment of components required for Rac ruffling. This was recently suggested for ARF6 and Rac functions in macrophages (47) .
Like 1-6, ARF6(EI) does not form protrusions, blocks protrusions induced by ARF6, and does not block Rac ruffling. Selective inhibition of certain ARF6 functions by the 1-6 chimera and ARF6(EI) suggests that these molecules are acting as dominant-negative ARF6 mutants by a mechanism different from that of ARF6(T27N). Although 1-6 and ARF6(EI) lack residues that allow protrusion formation, they might act as inhibitors by sequestering factors that wild-type ARF6 requires for protrusions. These factors are presumably not required for Rac ruffling. Identification of these limiting factors and also the molecules that specifically interact with the QS residues in ARF6 should provide us with insight into how ARF6 alters actin dynamics at the PM.
